Abstract -Temperature responses of photosynthesis were assessed in a shade tolerant tree species (silver fir, Abies alba Mill.) using leaf gas exchange and chlorophyll a fluorescence measurements. Four-year-old seedlings grown in a greenhouse in N-E France were transferred into a climate chamber and kept during 24 hours at six temperature levels: 10, 18, 26, 32, 36 and 40 o C. Response curves of net CO 2 assimilation to substomatal CO 2 partial pressure were obtained on small twigs bearing a single row of needles under saturating irradiance. Maximal carboxylation rate (V cmax ) and maximal light driven electron flow (J max ) were estimated by fitting Farquhar's model to the response curves at each temperature. "Dark" respiration (R d ) was estimated at the end of each response curve by measuring gas exchange after 5 min darkness in the chamber. The temperature responses of the three parameters were fitted to a thermodynamic model. Mean values at a reference temperature of 25 o C were 37, 91 and 2.6 µmol m -2 s -1 for V cmax , J max and R d , respectively. Optimal temperature was higher for V cmax (36. 
INTRODUCTION
Decline of silver fir (Abies alba Mill.) stands is an important problem in Central European forests, and particularly in the Sudete mountains of southern Poland. The common sense states that the observed decline processes are not related to a single inducing factor, but that they reflect a generally low resistance and low adaptability of this species to adverse environmental factors, even within its natural distribution area. Recent observations of an abundant natural regeneration of this species in Carpathian Mountains suggest that recent reductions of air pollution in addition to local impact of global climate changes may have improved the fitness of this species (Korczyk, personal communication).
Temperature is a major environmental factor able to modulate growth and survival of silver fir. One of the basic processes governing productivity and growth that may be severely affected by temperature is carbon gain, i.e., photosynthesis and respiration. Optimal temperatures for net CO 2 assimilation are known to vary among species, and within species among provenances, displaying either a genetic variability related to the origin of the provenances [5, 6] or a phenotypic variability due to acclimation to different growth temperatures [24, 27] . As net assimilation results from a combination of several processes such as CO 2 diffusion from atmosphere to chloroplasts, carboxylation of RuBP, light driven electron flow, respiration, etc. there is a need to document the temperature response of these individual processes.
Leaf-level models of photosynthesis are useful in quantifying the response of individual photosynthetic processes to varying environmental conditions. Farquhar's [4] biochemically based model of leaf photosynthesis is often used to parameterise and compare photosynthetic capacity among individuals and genotypes. The key parameters describing leaf photosynthesis are the maximal rate of carboxylation (V cmax ), the maximal light driven electron flow (J max ) and the mitochondrial respiration due to phosphorylative oxidation (R d ) [4] . Some of the parameters used in the model, for example the CO 2 /O 2 specificity of Rubisco, seem to be relatively stable among a vast group of plants. Others may considerably differ among species and such groups as dicots and monocots, hardwoods and conifers, and annuals and perennials [29] .
Many studies provided estimates of V cmax , J max , and R d and quantified the relationships between these parameters and the total amount of leaf nitrogen per unit leaf area for different tree species [14, 16, 20, 26] . However, there are only a few data sets on the temperature dependency of these parameters for trees, particularly for conifers. Recent results showed the occurrence of some degree of interspecific variability of the temperature responses of photosynthetic processes among broadleaved tree species [2] . It was therefore of importance to complete the already gathered data set by temperature responses of needle photosynthesis in silver fir. In this work, we determined V cmax , J max , and R d and we studied their temperature response in silver fir (Abies alba Mill.) needles using Farquhar's model [9] .
High temperatures are known also to affect the thermostability of photochemistry which may be studied using chlorophyll a fluorescence [10] . The quantum yield of photochemistry of dark adapted leaves (F v /F m ) usually decreases steeply at temperatures close to 38 o C [2, 3, 10] . Ground fluorescence (F 0 ) increases at a critical temperature [1] that is usually much higher than the point of decreasing F v /F m , i.e., above 45 o C [2] . The rise of ground fluorescence is probably due to a separation of light harvesting complexes from the PS II core complexes or to a denaturation of PS II reaction centres [30] . The PS II critical temperature increases (i.e., thermostability of PS II increases) when leaves are pre-exposed to moderately elevated temperatures [12] . We therefore estimated the values of PS II critical temperature and assessed the potential acclimation in this parameter resulting from short term acclimation to high temperatures.
MATERIALS AND METHODS

Model
The temperature dependence of the parameters (P (T) ) of plant photosynthetic capacity can be described by an Arrhenius type exponential function [17, 23] . Temperature dependence of the specificity factor of rubisco (τ ) and of the affinity for CO 2 The temperature dependence of V cmax and J max is usually expressed with a model including an optimum [17, 28] as:
where P T The optimal temperature is derived from this function as:
The model primary data (K c , K 0 and τ ) were taken from Jordan and Ogren [13] and Von Caemmerer et al. [25] . Apparent quantum yield of electron flow was set at 0.24 [9] . The equations and statistical methods put together by Dreyer et al. [2] were used to describe the temperature dependence of the photosynthetic parameters and to compute values of optimal temperature.
Plant material
Seedlings of silver fir were grown from seeds collected from a selected tree in Midzygórze Forest Inspectorate (50 o 15' N, 16 o 45' E) in the Polish Sudety Mountains. The mother tree was at 620 m a.s.l., in southern exposure. Mean annual temperature at this site is 5.6 ºC, mean temperature of the coldest month (January) -4.3 ºC, mean temperature of the hottest month (July) + 15.1 ºC. Mean annual precipitation was estimated to be about 1030 mm.
The seedlings were grown in a nursery in Midzygórze for the first three years. During April 1999, they were put into polythene rolls with soil from the pots in which they had been growing and transported in plastic bags to a greenhouse at Champenoux (48 o 44' N, 6 o 14' E), near Nancy, France. There they were transplanted into sevenlitres pots using a mixture of blond peat and sand (2/5 v/v). They were fertilised at the beginning of May with 10 g L -1 slow release fertiliser Nutricote 100 13/13/13 N/P/K (supplemented with oligoelements). Each seedling was watered to field capacity twice a day using drip irrigation. In the greenhouse, the mean daily temperature fluctuated between 19 and 32 ºC during the whole year, the relative air humidity remained at about 64%, and the mean daily PPFD values varied from 250 to 650 µmol m -2 s -1 . The trees were grown for one year under these conditions.
Temperature treatments
The potted seedlings were transferred during June 2000 to a climate chamber and acclimated during one week under following conditions: air temperature = 25 ºC, relative humidity = 70% and PPFD = 250 µmol m -2 s -1 . Thereafter, air temperature was changed in six 24 h steps (10, 18, 26, 32, 36 , 40 ºC) while RH and PPFD were kept constant. The seedlings were exposed to each temperature for 24 hours prior to measurements.
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Gas exchange measurements and model parametrization
Gas exchange was recorded on small twigs with a portable open gas exchange system LiCor 6400 (LiCor, Nebraska, USA) using a 6 cm 2 chamber with a red-blue illuminator. Silver fir needles grow on the twigs in two layers: the upper layer was severed to avoid self-shading among needles. A twig with one layer of needles was introduced into the photosynthesis chamber. The microclimate in the chamber was set at: leaf temperature close to external, RH at 65-70% and PPFD was at the saturating level of 1500 µmol m -2 s -1 . Photosynthesis of needles was induced during 25-30 minutes at ambient CO 2 (35 Pa) prior to generation of A/C i curves. Afterwards the concentration of CO 2 was increased to 175 Pa and gradually reduced in 13 steps to 5 Pa. Each step comprised a stabilisation (at least 4 min) and three records at 1-min intervals of net assimilation rate (A), stomatal conductance to water vapour (g s ) and intercellular CO 2 mole fraction C i . After the last step of each AC i curve, the CO 2 concentration was changed to 40 Pa, the light in leaf chamber was shut down and the respiration due to oxidative phosphorylation ("dark respiration" -R d ) was measured after 5 min. in the dark. The needles in the gas exchange chamber were collected and their projected area was computed with a Delta T Area Meter (Delta T, Hoddesdon, United Kingdom). Measured projected area was used to recompute all gas exchange parameters. Values of V cmax (maximal carboxylation rate) and J max (maximal light driven electron flow) were estimated by fitting the model of Farquhar [4] to the Rubisco limited portion of the A/C i curves at lower C i (CO 2 substomatal concentration) and to the RuBP (ribulose bisphosphate) regeneration limited one at saturated level of C i , respectively (for details on the procedure see [2, 15] ).
Contribution of twigs to respiration
A separate experiment was conducted to estimate the relative contribution of needles, twigs and buds to "dark" respiration. R d was measured on a leafy twig with buds, a leafless twig with buds, and without buds at a tissue temperature of 25 ºC in five seedlings in the dark. Needles, shoots and buds were dried in the oven and their dry mass was used as a basis to express R d . The respiration of needles was calculated subtracting R d of the leafless twig with buds from that of the leafy twig with buds. Likewise, the R d of buds was estimated by subtracting R d of the needles and of the leafless twig from the R d of the leafy twig with buds. Specific respiration was computed as R d /biomass.
Thermal stability of photochemistry
Chlorophyll a fluorescence (F 0 -ground fluorescence, F m -maximal fluorescence) and the maximal quantum yield of PS II photochemistry (the ratio of variable to maximal fluorescence F v /F m , [7] ) were recorded in needles of 5 silver fir seedlings prior to gas exchange measurements at the different temperatures. Five measurements were carried out per seedling at each temperature. The restoration of PS II function after exposure to 40 o C was monitored during 3 days at 25 o C. The plants were dark adapted for 12 hours on each day prior to measurements carried out with a portable modulated fluorometer MiniPAM (Walz, Effeltrich, Germany).
Thermotolerance of needle photochemistry and its ability to acclimate to increasing air temperature were estimated using the critical temperature for PS II photochemistry defined as the "thermal breakpoint" -the temperature at which F 0 exhibits an upward inflection [1, 18] . Needles were collected from seedlings and put into a moist filter paper. They were kept for two hours in the dark under ambient temperature (25 o C) prior to measurements and introduced into a temperature-controlled aluminium body with the end of the fiberoptics of a fluorometer (PAM 2000, Walz, Effelrich, Germany). Ground fluorescence was induced with a red diode at a low PPFD of 1 µmol m -2 s -1 . The temperature of needles was gradually increased from 20 to 60 ºC at a rate of 1 ºC min -1 , F 0 was continuously recorded with a chart recorder and the critical temperature estimated graphically.
RESULTS
Temperature responses of needle photosynthesis
The values of V cmax (maximal carboxylation rate) and J max (maximal light driven electron flow) were estimated by fitting the Farquhar's model to the Rubisco limited portion of the A/C i curves at low values of C i (CO 2 substomatal concentration) and to the RuBP (ribulose bisphosphate) regeneration limited one at saturating level of C i , respectively. Both phases of A/C i curves were well marked at each temperature level, with clear transitions from the first to the second. No decrease of net assimilation was recorded at over-saturating CO 2 , indicating the absence of limitation due to triose phosphate utilization (starch and sucrose production [9, 22] ).
The temperature response functions normalised to values at 25 o C are displayed in figure 1a . Both V cmax and J max displayed marked increases with temperature, followed by visible decreases at 40 ºC. This enabled us to estimate the optimal temperature (36.6 and 33.3 for V cmax and J max, respectively). The ratio J max /V cmax decreased with temperature from 2.9 at 10 ºC to 1.1 at 40 ºC ( figure 1b) . The values of activation and deactivation energy as well as of entropy factor obtained by adjusting an Arrhenius function (Eq. (2)) on the temperature response of V cmax and J max are displayed in table I.
The measured values of shoot R d increased exponentially with temperature, although with more scatter in the data ( figure 1c) . Table I . Means (± SE when it could be calculated) of the parameters describing temperature responses of needle photosynthetic capacity in 4-year-old seedlings of silver fir (Abies alba Mill.). V cmax -maximal rate of carboxylation, J max -maximal rate of electron flow, R d -dark respiration, ∆H a -activation energy, ∆H d -deactivation energy, ∆S -entropy factor, T opt -optimal temperature. 
Parameters
Photochemical efficiency and thermostability of PS II
Maximal quantum yield of PS II was 0.786 at 10 ºC, and then increased with rising temperature to maximal value of 0.83 at 26 ºC. Temperatures above 36 o C resulted in a decrease down to 0.71 at 40 o C ( figure 2) . Following the 2 days at 36 and 40 o C, the restoration of PS II efficiency occurred readily after 24 hours at 25 o C but was not complete (0.809 vs. 0.827 before the thermal treatment, p < 0.001; figure 3 ).
The critical temperature for PS II stability in silver fir needles was close to 47 o C in needles acclimated to 10 o C. It increased steadily with acclimation temperature imposed during 24 h before the measurements by more than 4 o C (figure 4).
168 P. Robakowski et al. Table II . Mean values (± SD) of specific dark respiration (R d ) of needles, buds and bare shoot in one year old silver fir twigs, and weighted contribution of each compartment to total twig respiration (n = 5).
Organs
Weighted contribution to twig respiration 
DISCUSSION
Wullschleger [29] , respectively) were close to the highest among those reported for conifers. They are close to those of 2-year needles of adult trees from the fast growing Pinus pinaster [21] , or of fertilised seedlings from the same species [19] . Such high values for a rather slow growing species may be explained by the high level of nutrients supplied in the potting medium as compared to natural conditions. The temperature responses of V cmax and J max of silver fir displayed features that are common to those obtained with potted seedlings from a range of broadleaved species (higher temperature optimum for V cmax than for J max , decrease with increasing temperature of the ratio J max /V cmax , higher activation energy (∆H a ), deactivation energy (∆H d ) and entropy factor (∆S) for V cmax than for J max ) [2] . Nevertheless, optimal temperatures of V cmax (36.6 ºC) and J max (33.3 ºC) of silver fir were in the lowest range of the values recorded in broadleaved species, close to those of Acer pseudoplatanus and Fagus sylvatica. Values of activation energy of the two parameters V cmax and J max were also among the lowest ones.
Respiration of the leafy twigs was rather high on a needle area basis; after correction for the contribution of buds and stem, estimates yielded rather low values (around 0.9 µmol m -2 s -1 ) which is much lower than those recorded in broadleaves. Similarly, the activation energy was close to the lowest ones recorded on broadleaved trees [2] . It is not known whether thermal sensitivities of respiration of different organs like buds, stems and needles, differ significantly.
The maximal quantum yield of Abies alba PS II (F v /F m ) significantly decreased at temperatures above 36 ºC, very similarly to what was observed with many other species (Cedrus atlantica, [3] , Juglans regia, Fagus sylvatica and Betula pendula [2] ), but at lower temperatures. This difference may presumably be explained by an adaptation to lower temperatures of Abies alba, a species typically occurring at higher altitudes in the mountains. The seedlings used in our experiment originated from 620 m a.s.l.
The temperature at which a rise of F 0 occurs is related to the critical temperature (T c ) irreversibly injuring the photosynthetic apparatus [1, 8] . The critical temperature recorded in silver fir needles increased to a large extent with the temperature experienced during the 24 h period before measurements, as was also noticed in a wide range of other species [10, 11] . The absolute levels recorded in our experiment were very close to those recorded on a range of broadleaved species acclimated to 20 o C [2] .
As a conclusion, temperature responses of photosynthesis components in silver fir were very similar to those recorded with other tree species. Growth at high altitude probably does not exert a selective pressure on genotypes towards lower temperature optima for photosynthetic processes, or to particular performance of photosynthesis with respect to high temperatures. This lack of genotypic effect on absolute temperature responses expressed at a common microclimate does not exclude that species or genotypes growing at high elevations may exhibit different acclimation responses (in particular a potentially lower optimum for light driven electron transfer [20] ). Further studies would be needed to document this point.
